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Abstract 
The aerodynamic characteristics of RAE2822 in ground effect were investigated with finite volume method (FVM) based on the 
averaged Navier-Stokes equations. The performance of several eddy-viscosity turbulence models were assessed by comparing 
with the available experimental data of NACA4412 in ground effect. Realizable k-epsilon model demonstrates with good 
capability of predicting the flow characteristics. In study of the ground effect on supercritical airfoil RAE2822, high lift and ratio 
of lift and drag only could be achieved in medium angle of attack (AOA). The ground effect would induce the upfront separation 
of boundary layer on the airfoil. In study of the ground boundary condition and compressibility effect, these factors all show 
significant impact on the aerodynamic characteristics of RAE2822 in ground effect, which should be considered in numerical or 
experimental studies. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Main text  
In the early twentieth century, it was noted that a winged body operating in close proximity to the ground 
experiences a reduction in drag and an increase in lift, which results in an increase in the lift-to-drag ratio. This 
phenomenon, named wing-in-ground (WIG) effect. It was studied in order to investigate the complicated problem 
during the landing and take-off of a winged aircraft.  
There have been many experimental and numerical studies on the influence of different wing configurations on 
the wing-in-ground (WIG) effect. One of the recent wind tunnel experiments was done by Ahmed et al.[1,2], they 
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investigated the effect of AOA and ground clearance on aerodynamic characteristics of NACA 0015 and NACA 
4412 airfoil in ground effect. Zhang et al.[3] experimentally studied the aerodynamic behavior of a cambered, double 
element, high-lift wing in ground proximate. Aerodynamic ground effect of NACA6409 was tested by Jung et al.[4], 
they investigated the influence of aspect ratio of wing, end plate and the shape in different angle of attack and 
ground clearance. Smith[5] numerically studied the character of airfoils in ground effect. Abramowski[6] presents 
numerical investigation of NACA/Munk M15 airfoil in ground proximity. Yang et al.[7,8] conducted a numerical 
investigation of aerodynamics of a 2D NACA0012 wing and flows in ground effect, they found the  effect of viscous 
and compressibility. 
Now, large aircraft use the super-critical airfoil to obtained good transonic behavior. But, in the processing of 
taking off and landing, the wing is close to the ground, so the ground effect should be taken into account. However, 
few papers studied the performance of super-critical airfoil profile in close proximity to the ground. Detailed 
investigations on WIG effect of the super-critical airfoil profile are needed. 
2. Computation methodology 
Aerodynamic characteristics of RAE2822 airfoil in ground effect are numerically investigated by solving the 
compressible 2D Reynolds averaged Navier-Stokes equations and realized k-epsilon turbulence model with finite 
volume method. In the present study, aerodynamic characteristics of RAE2822 are simulated at different ground 
clearances and angles of attack. The Mach number was Ma=0.176 and the Reynolds number was 4.1×106 (based on 
chord length c). 
The present work aims at studying the aerodynamic characteristics of a two-dimensional airfoil of RAE2822 in 
ground effect, many factors such as AoA, ground clearances, viscous and compressibility are considered. Influences 
of wing in ground effect on aerodynamic characteristics are investigated. Figure 1 shows meshes in computation 
domain. Ground clearance is defined by distance from the ground to trailing edge of airfoil h to the chord length c. 
 
 
Fig.1.  Computation model                                    Fig.2. Computational grid and domain 
3. Validation of computational method 
In order to validate the computational methodology’s accuracy, aerodynamic characteristics of NACA4412 in 
close ground effect are calculated. Lift, drag and pressure coefficient distributions are compared with experimental 
data[2]. Fig.3 shows the pressure coefficient distribution of NACA4412 using different turbulence models. The 
results show that Realized k-ε turbulence model can get good lift coefficient and pressure coefficient distributions 
compared with experimental data. Table.1 shows good agreement of lift is achieved while drag is not predicted 
accurately. A possible reason is that the viscous drag is overestimated.  
Table 1. Lift and drag coefficient of NACA4412  (AOA =8° ). 
coefficient EXP[2] CFD 
Cl (y/c=0.4) 1.2620 1.2150 
Cd (y/c=0.4) 0.0157 0.0210 
Cl (y/c=1.0) 1.2680 1.2010 
Cd (y/c=1.0) 0.0185 0.0220 
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Fig. 3. (a) AOA =8°, h/c=0.15; (b) AOA =8°, h/c=0.4; (c) AOA =8°, h/c=1.0. 
4. Computational results and analysis 
4.1. Aerodynamic characteristics of RAE2822 in ground effect 
Figure 4 presents the lift, drag coefficient and lift/drag ratio of RAE2822 at different ground clearance ratios from 
0.1 to 1.0 and far-filed, angles of attack from 0° to 12°. It shows that in medium angles of attack, like 6°and 8°, 
increased lift and decreased drag are obtained when airfoil running to the ground. The lift coefficient becomes 
negative at a small angle of attack. When AOA=12°, the average drag coefficient increase dramatically to 0.338 in 
ground clearance ratio y/c=0.1, and the lift and drag coefficient oscillating periodically, but, with the increasing of 
ground clearance ratio, it becomes constant gradually. So, it is concluded that the ground effect induces the 
separation of boundary layer on the airfoil. 
Fig.5 shows the pressure coefficient distribution on the airfoil at AOA=0°, 4°, 10°. When AOA=0°, in lower 
ground clearances, the area between ground and airfoil forms a convergent-divergent passage [1]. Due to ramming 
action, pressure is high on the lower surface near the leading edge, pressure reduced with the acceleration of flow in 
convergent region. The RAE2822 section has maximum thickness at 37.9% of the chord, where the gap between 
airfoil and ground is minimum, the low pressure induced the suction effect. But, pressure in the divergent region 
increasing sharply to meet pressure of the upper surface nears the trailing edge. Pressure distribution on the upper 
surface does not change significantly with ground clearance. Suction effect on the lower surface contributes to the 
negative lift coefficient. When AOA increased to 2°, the suction effect on the lower airfoil decreases. When AOA 
increased from 4° to 10°, the pressure coefficient of upper surface does not change significantly. When AOA 
increased to 12°, the air detached from the upper airfoil at h/c=0.1, but when h/c increased to 0.4, the air reattached 
to the airfoil, so the ground effect induces the separation of boundary layer on the airfoil. 
  
 
Fig. 4. (a) lift coefficient; (b) drag coefficient; (c) lift /drag ratio. 
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Fig.5. Pressure coefficient distribution of RAE2822 at different height-chord ratios, (a) AOA= 0° ; (b) AOA= 4° ; (c) AOA=10°. 
4.2.  Viscous effect in ground effect region 
In the experimental studies of WIG problems, the ground under the airfoil may have two states: movable and 
fixed. Although the fixed ground is not consistent with the real situation, but some wind tunnels’ ground fixed to the 
structure, it is unmovable. Hence, it is necessary to study the influence of the stationary ground and moving ground 
with numerical method to get the difference between the two situations. 
Fig.6 shows the lift coefficients at different AOAs and heights. It can be seen the stationary ground condition 
gives rise to lift. Difference between the moving ground and stationary floor is reduced with the increase of ground 
clearance.  
Fig.7 shows the velocity distribution between the ground and airfoil. Fig.8 shows the velocity contour near the 
airfoil. A shear region exists near the ground, when h/c=0.1, between the moving ground and the airfoil, flow 
velocity reaches its peak at airfoil’s maximum thickness location, this leads to a great negative pressure zone under 
the wing at small AOA (2°). But, to the case of stationary ground condition, due to the blocking effect of the ground, 
which making the boundary layer is difficult to against the adversity pressure gradient and the separation occurs in 
the ground. As the AOA increased above 4°, flow-filed between the airfoil and ground gradually approaches to a 
contraction pipe, which weakened the suction effect below the airfoil and enhanced the suction effect at the leading 
edge of the airfoil.  
         
Fig.6. Lift coefficient at different ground conditions                              Fig.7. Velocity distribution 
 
 
Fig. 8. Velocity contour  (a) (d) AOA=2°, h/c=0.1; (b) (e) AOA=4°, h/c=0.1;  (c) (f) AOA=10°, h/c=0.1. 
With the increasing of the h/c, the velocity distribution of stationary and moving ground condition become nearly 
the same, and the influence of ground conditions become neglectable when h/cı1. 
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4.3. Compressibility effects in ground effect 
When an aircraft is close to ground at a high speed in take-off or landing period, the compressibility of air must 
be considered. In this paper, Ma=0.176 and 0.3 are selected to study the influence of air compressibility in ground 
effect. 
Fig.9 shows the lift and drag coefficients of RAE2822 at compressible and incompressible flow condition. By 
comparing the compressible and incompressible case, it shows sensitivity of suction effect to compressibility of air. 
When the wing is close to the ground (h/c=0.1), in a small AOA (2°), the compressibility of air can significantly 
enhance the suction below the airfoil surface, but when the AOA increases (ı4°), higher positive lift is achieved 
due to a bigger suction effect on the upper surface. When the h/c is increased above 0.4, it can be seen the 
compressible air can give a rise to the lift of airfoil. Therefore, the compressibility effect is not only sensitive to Ma, 
but also to ground clearance and AOA in ground effect. The actual situation should be considered when it is 
conducted. 
  
   
Fig. 9. Compressibility effects (a) lift coefficient; (b) Cp of varies h/c; (c) Cp of varies AOA. 
5. Conclusions 
In the present work, a detailed investigation of the aerodynamic characteristics of airfoil RAE2822 at different 
ground clearances and AOAs is carried out. It shows: Realizable k-epsilon model is considerably demonstrated with 
good capability of predicting the flow characteristics. In study of the ground effect of RAE2822, high lift and ratio of 
lift and drag only could be achieved in medium angle of attack. The stationary ground condition would induce the 
separation of boundary layer on the ground and influence the aerodynamic characteristic when the airfoil is close to 
the ground. The compressibility of air shows a significant impact on the aerodynamic characteristics of airfoil in 
ground effect, it should be considered in numerical simulation and experiment. 
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